Widespread paleopolyploidy, gene tree conflict, and recalcitrant relationships among the carnivorous Caryophyllales by Walker, Joseph F. et al.
 858 •  A M E R I C A N J O U R N A L O F B OTA NY  104 (6):  858 – 867 , 2017;  http://www.amjbot.org/  ©  2017  Walker et al. Published by the Botanical Society of America. This work is 
licensed under a Creative Commons Attribution License (CC-BY). 
A M E R I C A N  J O U R N A L  O F  B O T A N Y
R E S E A R C H  A R T I C L E
 Carnivory in plants has long fascinated both the general public and 
evolutionary biologists. Charles Darwin himself dedicated an entire 
volume to carnivorous species in his  Insectivorous Plants ( Darwin, 
1875 ). Th e wide array of traps that are used to catch insects and 
other prey items make carnivorous plants some of the most mor-
phologically diverse plants on Earth ( Ellison and Gotelli, 2001 ; 
 Heubl et al., 2006 ). Th ese plants are able to occupy nutrient poor 
soils that would otherwise be unsuitable for plant life by obtaining 
nutrients unavailable in the soil through the digestion of animals. 
 Across angiosperms, carnivory is hypothesized to have indepen-
dently evolved at least nine times ( Givnish, 2015 ). One of these events is 
thought to have occurred relatively early on (~83 million years ago 
[Ma]) in the noncore Caryophyllales ( Magallón et al., 2015 ), giving rise 
to a “carnivorous clade” consisting of the fully carnivorous families 
Droseraceae, Drosophyllaceae, and Nepenthaceae, the small noncar-
nivorous African family Ancistrocladaceae, and the rare west African 
family Dioncophyllaceae, which includes the unusual carnivorous 
liana  Triphyophyllum peltatum and two other monotypic, noncarnivo-
rous genera ( Dioncophyllum and  Habropetalum ) ( Albert et al., 1992 ; 
 Meimberg et al., 2000 ;  Brockington et al., 2009 ;  Soltis et al., 2011 ; 
 Hernández-Ledesma et al., 2015 ). Th e carnivorous clade of Caryo-
phyllales comprises approximately 250 of the estimated 600 species of 
carnivorous angiosperms ( Heubl et al., 2006 ;  Ellison and Gotelli, 
2009 ) and includes a diverse assemblage of trap plants and pitcher 
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 PREMISE OF STUDY: The carnivorous members of the large, hyperdiverse Caryophyllales (e.g., Venus fl ytrap, sundews, and  Nepenthes pitcher plants) repre-
sent perhaps the oldest and most diverse lineage of carnivorous plants. However, despite numerous studies seeking to elucidate their evolutionary rela-
tionships, the early-diverging relationships remain unresolved. 
 METHODS: To explore the utility of phylogenomic data sets for resolving relationships among the carnivorous Caryophyllales, we sequenced 10 transcrip-
tomes, including all the carnivorous genera except those in the rare West African liana family Dioncophyllaceae. We used a variety of methods to infer 
the species tree, examine gene tree confl ict, and infer paleopolyploidy events. 
 KEY RESULTS: Phylogenomic analyses supported the monophyly of the carnivorous Caryophyllales, with a crown age of 68–83 million years. In contrast to 
previous analyses, we recovered the remaining noncore Caryophyllales as nonmonophyletic, although the node supporting this relationship contained a 
signifi cant amount of gene tree discordance. We present evidence that the clade contains at least seven independent paleopolyploidy events, previously 
unresolved nodes from the literature have high levels of gene tree confl ict, and taxon sampling infl uences topology even in a phylogenomic data set, re-
gardless of the use of coalescent or supermatrix methods. 
 CONCLUSIONS: Our data demonstrate the importance of carefully considering gene tree confl ict and taxon sampling in phylogenomic analyses. Moreover, they 
provide a remarkable example of the propensity for paleopolyploidy in angiosperms, with at least seven such events in a clade of less than 2500 species. 
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plants that occupy a wide range of ecosystems, from the fully aquatic 
 Aldrovanda vesiculosa to desert species of  Drosera to the rainforest 
liana  Triphyophyllum . Moreover, carnivory also appears to have been 
lost 1–3 times ( Heubl et al., 2006 ) within the carnivorous clade, in-
cluding in the ancestor of the 16 species of Ancistrocladaceae ( Taylor 
et al., 2005 ) as well as in the ancestors of  Dioncophyllum and  Hab-
ropetalum in Dioncophyllaceae ( Meimberg et al., 2000 ). 
 Despite broad appeal and interest, the evolutionary relationships 
in the noncore Caryophyllales remain ambiguous, with studies seek-
ing to resolve these relationships oft en resulting in individually well-
supported but mutually confl icting topologies ( Meimberg et al., 
2000 ;  Cameron et al., 2002 ;  Brockington et al., 2009 ;  Hernández-
Ledesma et al., 2015 ). Much of this confl ict involves the earliest 
branch in the noncore carnivorous clade, with studies fi nding Ne-
penthaceae as sister to the remaining lineages ( Hernández-Ledesma 
et al., 2015 ), others fi nding Droseraceae as sister to the rest of the 
group ( Meimberg et al., 2000 ) and yet others fi nding Droseraceae to 
be sister to the Nepenthaceae ( Brockington et al., 2009 ). Th e strong 
support for confl icting topologies from diff erent studies may be ex-
plained by the reliance on one or a few genes leading to systematic 
error ( Maddison, 1997 ;  Rokas et al., 2003 ). Th is type of error can 
arise from a variety of sources, including, but not limited to, incom-
plete lineage sorting, horizontal gene transfer, hybridization, and 
hidden paralogy ( Galtier and Daubin, 2008 ). Untangling these pro-
cesses has proven to be a challenge and adds a strong level of com-
plexity to phylogenomic analyses ( Smith et al., 2015 ). 
 Transcriptomes have proven to be a powerful source of data for 
understanding this complexity and have helped provide insight 
into the evolutionary history of nonmodel species ( Dunn et al., 
2008 ;  Cannon et al., 2015 ;  Yang et al., 2015 ). Th e thousands of 
genes typically sequenced in a transcriptome provide a means of 
identifying gene duplications and paleopolyploidy events ( Cannon 
et al., 2015 ;  Yang et al., 2015 ;  Barker et al., 2016 ), which may clarify 
whether such events have been major drivers of evolutionary nov-
elty ( Ohno et al., 1968 ;  Soltis et al., 2014 ). Moreover, analyses of 
gene tree concordance and confl ict allow for a better understand-
ing of the formation of species relationships and the complexity 
that arises in genomes as a result of speciation ( Pease et al., 2016 ). 
 In this study, we present the fi rst phylogenomic analysis focused 
on the noncore Caryophyllales, with sampling that covers all genera 
of carnivorous Caryophyllales except the poorly studied and rare 
lianas in the family Dioncophyllaceae of West Africa. We used large 
data sets to help resolve evolutionary relationships and explore gene 
tree discordance and its possible causes, as well as its consequences 
for phylogenetics among the carnivorous Caryophyllales. We found 
that, even with phylotranscriptomic data, many of the complica-
tions observed earlier in targeted sequencing studies (e.g., taxon 
sampling, gene tree confl ict) are still present. However, we show 
how transcriptome data provide important insights into the reasons 
for these complications. Furthermore, we use transcriptome data to 
help provide information on the prevalence of paleopolyploidy in 
this ecologically and morphologically diverse clade and explore the 
molecular evolution of the group. 
 MATERIALS AND METHODS 
 Data availability — Raw reads for the 10 newly generated tran-
scriptomes were deposited in the NCBI Sequence Read Archive 
Appendix S1 (see Supplemental Data with the online version of 
this article) (Bioproject: PRJNA350559). Assembled sequences, 
data fi les, programs, alignments, and trees are available from Dryad 
(data available from the Dryad Digital Repository:  http://dx.doi.
org/10.5061/dryad.vn730 ). 
 Taxon sampling, tissue collection, sequencing, and data assem-
bly — Tissue collection, RNA extraction, library preparation, and 
quality control were carried out using a previously developed 
workflow ( Yang et al., 2017 ). Transcriptomes of eight noncore 
Caryophyllales families representing nearly all of the major lineages 
of noncore Caryophyllales were included in this study (Appendix S1). 
Th e transcriptomes of  Dionaea muscipula ,  Aldrovanda vesiculosa , 
 Nepenthes ampullaria , and  Reaumuria trigyna were downloaded 
from the NCBI Sequence Read Archive (accessions SRX1376794; 
SRR1979677; SRR2666506, SRR2866512, and SRR2866533 com-
bined; and SRX105466 and SRX099851 combined; respectively) 
( Dang et al., 2013 ;  Brockington et al., 2015 ;  Bemm et al., 2016 ;  Wan 
Zakaria et al., 2016 ). Th e assembly used for  Frankenia laevis was the 
same as that used by  Yang et al. (2015) and can be found in Dryad 
( http://dx.doi.org/10.5061/dryad.33m48 ). The genomes of  Beta 
vulgaris (RefBeet-1.2) and  Spinacia oleracea were downloaded 
from Th e  Beta vulgaris Resource ( http://bvseq.molgen.mpg.de/
Genome/Download/index.shtml ; accessed July 10 2015) ( Dohm et al., 
2014 ). We generated 10 new transcriptomes for this study from 
fresh tissue collected from  Drosera binata ,  Nepenthes alata ,  Ancis-
trocladus robertsoniorum ,  Plumbago auriculata ,  Ruprechtia salici-
folia , and  Drosophyllum lusitanicum . Th e  D. binata and  N. alata 
data were also collected from trap tissue at three diff erent develop-
mental stages (Appendix S1). Th e plant tissues were fl ash frozen in 
liquid nitrogen and stored at −80 ° C. RNAs were extracted from the 
leaf tissue using the Ambion PureLink Plant RNA Reagent (Th er-
moFisher Scientifi c, Waltham, Massachusetts, USA) following the 
manufacturer’s instructions and quantifi ed using the Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, California, USA). 
Sequence libraries were prepared using either the TruSeq Stranded 
mRNA Library Prep Kit (Illumina, San Diego, California, USA) or 
the KAPA stranded mRNA library preparation kit (Kapa Biosys-
tems, Wilmington, Massachusetts, USA) using the default proto-
cols except for fragmentation at 94 ° C for 6 min and 10 cycles of 
PCR enrichment. All 10 libraries were multiplexed, then  D. binata 
and  N. alata were sequenced together on the same lane of the Illumina 
HiSeq2000 platform.  Ruprechtia salicifolia was run on a separate 
Illumina HiSeq2000 lane with six other samples,  A. robertsoniorum 
was run on a separate Illumina HiSeq2500V4 with 10 other sam-
ples, and  P. auriculata was run on a separate Illumina HiSeq2500V4 
run with 10 other samples (Appendix S1). 
 Th e raw paired-end reads from the newly generated transcrip-
tomes were trimmed and fi ltered using Trimmomatic ( Bolger et al., 
2014 ) with trim settings sliding window 4:5, leading 5, trailing 5 
and min length 25. For both  D. binata and  N. alata , the three tran-
scriptomes from trap tissues were combined and assembled to-
gether. Th e procedure was conducted as follows: the remaining 
read set was assembled using Trinity v2.04 ( Grabherr et al., 2011 ) 
with strand-specifi c settings and stranded “RF”, and the assembled 
reads were translated using Transdecoder v2.0 ( Haas et al., 2013 ) 
guided by BLASTP against a BLAST database consisting of concat-
enated  Arabidopsis thaliana and  B. vulgaris proteomes ( Dohm 
et al., 2014 ), with strand-specifi c settings. All translated amino acid 
data sets were reduced with cd-hit v4.6 (-c 0.995 -n 5) ( Fu et al., 
2012 ). 
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 Analysis of sources of contamination — We tested for within-lane 
contamination by creating one-to-one ortholog gene trees (using 
the pipeline described below) and comparing the resulting tree to-
pologies to the expected species tree topology for all samples on the 
lane. Additionally, we examined  matK sequences from the assem-
bled transcriptome-coding DNA sequence (CDS) data. Using these 
sequences together with those obtained from GenBank (Appen-
dix S2) to represent each of the noncore families used in the analy-
sis, we constructed a phylogeny using maximum likelihood and the 
settings “-f a -# 200 -m GTRCAT -p 12345 -x 112233” as imple-
mented in the program RAxML ( Stamatakis, 2014 ). We were un-
able to recover  matK from two of the assembled transcriptomes ( A. 
vesiculosa and  P. auriculata ), and instead we recovered the  rbcL 
gene and ensured that the highest GenBank BLAST hit was that 
of the same species  A. vesiculosa (AY096106.1) and  P. auriculata 
(EU002283.1), respectively. 
 Homology inference and species tree estimation — Homology and 
orthology inference along with species tree estimation were carried 
out following the methods of  Yang and Smith (2014) , which are 
briefl y summarized below. Th e exact commands and programs are 
available at either  https://bitbucket.org/yangya/phylogenomic_da-
taset_construction for scripts used in assembling the species tree 
or  https://github.com/jfwalker/JFW_NonCore_Caryophyllales for 
scripts involved in the downstream analysis. Aft er the peptide and 
coding DNA sequences were reduced using cd-hit, we created six 
data sets to explore the infl uence of taxon sampling and sequence 
type. Th ree of the data sets were made using the peptide data. One 
data set consisted of all taxa, one data set excluded  Ancistrocladus 
robertsoniorum , and one data set excluded  Drosophyllum lusitani-
cum . We then created corresponding nucleotide sequence data sets 
with the same taxon content. All steps for the homology inference 
and species tree estimation were the same for all data sets, except 
where noted below. Th e fi rst step was an all-by-all BLASTP search, 
in the case of the peptide data sets, or an all-by-all BLASTN search 
in the case of the nucleotide data, which was conducted with an 
e-value of 10. Putative homolog groups were formed by retaining 
species with a hit fraction >0.4 and using Markov clustering as im-
plemented in the algorithm MCL14-137 ( Van Dongen, 2000 ) with 
the infl ation value set to 1.4 and e-value cutoff  of 10 −5 . Only clusters 
that had at least four taxa were retained. 
 Each cluster was then aligned using the program MAFFT v7 
( Katoh and Standley, 2013 ) with “-genafpair maxiterate 1000” and 
trimming of the alignments was conducted using the program 
Phyutility v2.2.6 ( Smith and Dunn, 2008 ) with “-clean 0.1”. Aft er 
the alignment, we manually checked a random sample of ~10 se-
quences to ensure high quality alignment. For sequence clusters 
containing less than 2000 sequences, the phylogenetic trees were 
estimated through maximum likelihood as implemented in RAxML 
v8.2.3 ( Stamatakis, 2014 ) with the model PROTCATWAG (AA) or 
GTRCAT (DNA). In the case of sequence clusters larger than 2000 
sequences, trees were estimated with FastTree 2 (2.1.8) ( Price et al., 
2010 ) with the WAG model (AA) or the GTR model (DNA). All 
single branches greater than two substitutions per site were re-
moved because these are likely the result of sequences being con-
served domains or pulled together by error. We also removed all 
terminal branches 10 times or greater in length than their sister 
branches in the homolog tree for similar reasons. In the case of 
clades, the analysis took the stepwise average from root to tip and 
removed it if that was greater than 10 times the length of the sister. 
Data were further refi ned by removing all the monophyletic tips 
except the tip associated with the sequence with the highest num-
ber of aligned characters aft er trimming (i.e., most informative) 
data. Th e sequence data were then removed from the homolog 
trees, and the process was repeated a second time, to further clean 
the data. 
 Th e support for the homolog trees was analyzed aft er the second 
round using the Shimodaira–Hasegawa-like (SH-like) approxi-
mate likelihood ratio branch test ( Anisimova et al., 2011 ) as imple-
mented in RAxML, for downstream analysis only branches with 
SH-like  ≥ 80 that we considered informative. Th en one-to-one ortho-
logs were identifi ed from the homolog trees ( Yang and Smith, 2014 ) 
using  B. vulgaris and  S. oleracea as outgroups, both of which are in 
the core Caryophyllales and have genome information. Th e ortho-
log trees produced from these methods were then used to extract 
the amino acid sequence data associated with the given ortholog 
tree. A data set was created from one-to-one orthologs containing 
no missing taxa. Each ortholog produced from each method was 
then individually aligned using PRANK v.140603 with default pa-
rameters ( Löytynoja and Goldman, 2008 ). Th e alignments were 
then trimmed using the command line program Phyutility with a 
minimum occupancy of 0.3 being required at each site. Supermatri-
ces were created for all approaches by concatenating all trimmed 
alignments that had at least 150 characters. A maximum likeli-
hood tree for each supermatrix was estimated using RAxML with 
the PROTCATWAG model, partitioning by each ortholog group. 
Node support was evaluated using 200 nonparametric bootstrap 
replicates. Th e Maximum Quartet Support Species Tree (MQSST) 
was then found using ASTRAL (v4.10.0) ( Mirarab et al., 2014 ) with 
default parameters and using the one-to-one ortholog trees as the 
inputs. 
 Dating analysis — To conduct the analysis, we used the “SortaDate” 
procedure for fi ltering genes ( Smith et al., 2017 ). In short, we took 
the 1237 orthologs identifi ed in the nucleotide data set and fi rst 
found the genes whose gene tree matched the species tree. From the 
135 genes that met this criterion, we calculated the variance from 
each tip to root, using pxlstr from the Phyx package ( Brown et al., 
2017 ). Dating was analyzed using BEAST (ver. 1.8.3) ( Drummond 
and Rambaut, 2007 ) on the three genes with the lowest variance as 
they represent the genes evolving in the most clocklike manner. We 
used the GTR+G model of evolution and a birth–death tree prior. 
We calibrated the clade containing the genera  Aldrovanda and  Dio-
naea with a lognormal prior with off set 34 and a mean of 0 and 
standard deviation of 1 based on a fossil  Aldrovanda ( Degreef, 
1997 ). Because of the low root to tip variance for the three genes 
(~0.0004), we used the strict clock model for the rates of evolution. 
We ran the MCMC for 10,000,000 generations, and the fi rst 
1,000,000 generations were discarded as the burn-in. We summa-
rized the topology as the maximum clade credibility tree. We re-
peated these analyses using an uncorrelated lognormal clock with 
an exponential prior and with a lognormal prior to see the infl u-
ence choice of prior and model had on our analysis. 
 Gene family size analysis — Two sets of gene families were ana-
lyzed, one for the overall largest gene family and one for the gene 
families previously associated with the adaptation to carnivory in a 
diff erential gene expression study ( Bemm et al., 2016 ). To identify 
the overall largest family, we found the inferred homolog trees that 
had the largest number of tips, and annotation was done by taking 
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a representative sample from the homolog tree and fi nding the 
highest hit on NCBI blast database. For the carnivorous gene fami-
lies, representative samples from the genes identifi ed by  Bemm et al. 
(2016) were downloaded from GenBank (Appendix S3). A blast 
database was created from the downloaded samples, and BLASTP 
was used to identify their corresponding sequences, which were 
then found in the homologous gene clusters. Th e number of tips 
was counted for each homologous gene tree to identify the size of the 
gene family and number of genes associated with carnivory. 
 Analysis of gene duplications — Gene duplications were analyzed 
with phyparts (v. 0.0.1) ( Smith et al., 2015 ) using the homolog clus-
ters. Only gene duplications with nodes that contained  ≥ 80 SH-like 
support were used to identify duplications. Th e homolog clusters 
for each of the six data sets were mapped onto their respective spe-
cies tree topologies. Gene duplications were further analyzed by 
fi nding all gene duplications, irrespective of species tree topology, 
using a modifi ed version of phyparts. Again, in this case, only gene 
duplications that contained ( ≥ 80) SH-like support were removed 
from the homolog trees. Th ese duplications were then used to cre-
ate a phylogenetic tree by creating a shared presence matrix from exist-
ing duplications and correcting for distance by taking (1/number of 
shared duplications). Th e distance matrix was used to create a phyloge-
netic tree following the neighbor-joining method ( Saitou and Nei, 
1987 ). Th e modifi ed version of phyparts and script (GeneJoin.pl) 
that creates a phylogenetic tree from that output can be found at 
( https://github.com/jfwalker/JFW_NonCore_Caryophyllales ). 
 Analysis of gene tree confl ict — Th e one-to-one orthologs recovered 
from the homolog trees were used to analyze the gene tree/species 
tree confl ict at all nodes, and this analysis was performed on all six 
data sets, with their respective gene trees and species tree being 
used for each individual analysis. Th e orthologs were all rooted 
based on outgroups  S. oleracea and  B. vulgaris using the phyx pro-
gram pxrr ( Brown et al., 2017 ). Th e rooted one-to-one ortholog 
trees were then compared with the species tree using phyparts with 
only informative branches being counted. Th e output of phyparts 
was used to identify the amount of confl ict at each node along with 
the dominant alternative topology. 
 Inferring genome duplication events — To infer potential genome 
duplication events, we visualized the number of synonymous sub-
stitutions that were found between the paralogs with all of the taxa. 
Th e process was carried out using the script ks_plots.py from 
 Yang et al. (2015) ( https://bitbucket.org/yangya/caryophyllales_
mbe_2015 ), which relies upon the pipeline from ( https://github.
com/tanghaibao/bio-pipeline/tree/master/synonymous_calculation ). 
Th e pipeline fi rst reduces sets of highly similar sequences using 
CD-HIT (-c 0.99 -n 5). Following this step, an all-by-all BLASTP is 
carried out within each taxon using an e-value of 10 and -max_tar-
get_seq set to 20. Th e resulting hits with <20% identity or niden <50 
amino acids are removed. Th e sequences that have 10 or more hits 
are removed to avoid over representation of gene families. Th e re-
maining paralog pairs are then used to infer the genome duplica-
tions as areas where the Ks value is greater than the background 
rate ( Schlueter et al., 2004 ). First, pairwise protein alignments 
were created using the default setting of ClustalW ( Larkin et al., 
2007 ), these were then back-translated to codon alignments us-
ing PAL2NAL, and the synonymous substitutions rates were 
calculated using yn00 of the PAML package ( Yang, 2007 ), with 
Nei–Gojobori correction for multiple substitutions ( Nei and 
Gojobori, 1986 ). 
 To infer the phylogenetic locations of genome duplications, we 
used a comparison of the genome duplication events identifi ed 
from paralogs mapped onto the Ks plots of multiple species made 
from the reciprocal blast hits of their orthologs. Th e process was 
carried out using the script MultiKs.pl, which can be found at 
( https://github.com/jfwalker/JFW_NonCore_Caryophyllales ). Th e 
pipeline works as follows. First, the highly similar sequences are 
reduced using CD-HIT (-c 0.99 –n 5). Th en a reciprocal BLASTP is 
carried out on the peptide transcriptomes where one of the tran-
scriptomes is used as a query, and another is used as the database. 
Following that, the top blast hit from the peptide sequences are 
aligned using MAFFT. Th e peptide alignment is then matched with 
the corresponding nucleotide fi les, and the nucleotides are aligned 
based on the peptide alignment using the phyx program pxaatocdn 
( Brown et al., 2017 ). From there, the synonymous substitution rates 
are calculated using yn00 of the PAML package, with the Nei–
Gojobori correction for multiple substitutions. Th e Ks peaks of the 
genome duplications inferred from the paralogs are then compared 
with the Ks peaks of the multispecies comparison. If the peak from 
the single species comparison is smaller than the multispecies, then 
this result is considered evidence that the genome duplication 
occurred aft er the speciation event ( Cannon et al., 2015 ). 
 Comparing molecular rates among diff ering gene tree topolo-
gies — Th e gene trees that contained the topologies supporting ei-
ther  Drosophyllum and  Ancistrocladus as sister to all other lineages 
or  Drosophyllum and  Ancistrocladus as sister to  Nepenthes were 
identifi ed from the bipartitions removed using the phyx program 
pxbp ( Brown et al., 2017 ) and the program GeneHybridSplitter.pl 
( https://github.com/jfwalker/JFW_NonCore_Caryophyllales ). Th e 
ortholog tree was considered to support  Drosophyllum and  Ancis-
trocladus as the lineage sister to the others if it contained a biparti-
tion containing only  Drosophyllum and  Ancistrocladus , a bipartition 
containing only the carnivorous lineages except  Drosophyllum and 
 Ancistrocladus , and a bipartition containing only and all the car-
nivorous taxa. Th e ortholog trees that supported  Drosophyllum and 
 Ancistrocladus sister to  Nepenthes were identifi ed if the tree con-
tained a bipartition with only  Ancistrocladus and  Drosophyllum , a 
bipartition with both  Nepenthes species and  Drosophyllum and  An-
cistrocladus , and a bipartition containing only and all the carnivo-
rous taxa. 
 Th e synonymous substitution rates found in both scenarios were 
calculated using a pairwise comparison of  Drosophyllum and  Ne-
penthes alata , along with a pairwise comparison of  Ancistrocladus 
and  N. alata . Th e corresponding nucleotide and amino acid se-
quences of  Drosophyllum and  N. alata were removed for all the 
gene trees that support  Ancistrocladus and  Drosophyllum as the 
basal lineage. Th e pairwise amino acid sequences were then aligned 
using MAFFT, and the amino acid alignment was then used to 
guide the codon-based alignment using pxaatocdn. Th e Ks values 
for each codon alignment were calculated using the script Ks_test.
pl ( https://github.com/jfwalker/JFW_NonCore_Caryophyllales ), 
which uses yn00 from the PAML package to obtain the Nei–
Gojobori correction for multiple substitutions Ks values. Th e same 
procedure for finding synonymous substitutions was then per-
formed on pairwise comparisons of  Drosophyllum and  N. alata , 
where they appear as sister, and on  Ancistrocladus and  N. alata 
for the same situations. 
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 RESULTS 
 Species tree, dating analysis, and gene tree confl ict — Th e mono-
phyly of the noncore Caryophyllales was supported in both the 
concatenated maximum likelihood supermatrix (online Appendix S4), 
and the maximum quartet supported species tree (MQSST) rec-
onciliations (Appendix S5), regardless of taxon sampling or mole-
cule type used in the analysis. Th e divergence of this group based 
on the use of a strict clock and lognormal prior appears to have 
occurred ~90 Ma, with adaptation of carnivory arising ~75 
Ma ( Fig. 1 ): (ucln + logn = 55.9 − 76.4 Ma and ucln + exp = 58.1 − 
110.1 Ma). A general trend was that branches of high confl ict re-
sulted in shorter branch lengths for both the concatenated 
supermatrix and the MQSST analysis (Appendices S4, S5). A clade 
of Frankeniaceae and Tamaricaceae was supported as sister to the 
remaining noncore Caryophyllales in all data sets by most gene 
trees. In the case of the data set containing all taxa (AA ALLTAX), 
the branch supporting Frankeniaceae+Tamaricaceae as the lineage 
sister to everything else showed a large amount of confl ict with 
~15.4% of genes supporting the topology, ~14.6% supporting a 
dominate alternate topology of a monophyletic noncarnivorous 
noncore (NCNC), ~25% supporting other alternate topologies, and 
~45% of gene trees being poorly supported (SH-like < 80), with 
similar results for the fi ve other data sets used to reconstruct the 
species tree topology. Further support of a nonmonophyletic rela-
tionship of the NCNC was obtained by looking at the number of 
uniquely shared gene duplications found by the AA ALLTAX for 
the families in the carnivorous noncore with the clade of Plumbagi-
naceae and Polygonaceae was 93. Th e 93 shared duplications are in 
contrast to the three unique gene duplications shared among all 
members of the NCNC. Th e MQSST and concatenated ML super-
matrix analyses inferred that the next lineage to diverge was a clade 
containing both the families Plumbaginaceae and Polygonaceae, 
whose sister relationship received 100% bootstrap support and 
~70% genes concordant with the topology with 10.5% confl icting in 
the case of the AA ALLTAX. Th is relationship showed up in all data 
sets regardless of the composition of taxa used for the analysis. 
 All data sets revealed a strongly supported (BS = 100%) clade 
consisting of the carnivorous families and the noncarnivorous fam-
ily Ancistrocladaceae. In the case of the AA ALLTAX data set, the 
majority of the well-supported gene trees (~57%) were concordant 
with the species tree topology, with similar results for all other data 
sets. In all cases, Droseraceae and Nepenthaceae were each mono-
phyletic ( Fig. 2 ). Th e main discordance in the species tree topology 
 FIGURE 1 Inferred and dated species tree from the three-gene Bayesian dating analysis. Numbers on each branch represent inferred shared unique to 
clade gene duplications, and branch lengths are proportional to time. Circles on branches represent inferred genome duplications, position sup-
ported only by Ks plots (green) and position supported by Ks plots along with shared gene duplications (blue). Pie charts show gene tree confl ict 
evaluations at each node, proportion concordant (blue), proportion confl icting (red), dominant alternative topology (yellow) and unsupported with 
SH-like less than 80 (gray). Ancestral states on branches taken from  Heubl et al. (2006) . 
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involved the placement of Drosophyllaceae ( Fig. 2 ). When all taxa 
were included, Drosophyllaceae was sister to Ancistrocladaceae, a 
relationship that is well supported by concordant gene signal in 
both the AA data set (72.5%) and the CDS data set (93.7%). How-
ever, the placement of the clade containing Drosophyllaceae and 
Ancistrocladaceae changed depending on sequence type: for AA 
data, it is reconstructed as sister to the Nepenthaceae; for CDS data, 
it is sister to the rest of the carnivorous clade, albeit with no boot-
strap support ( Fig. 2 ). 
 When  Ancistrocladus was excluded from analyses, for both 
the AA and CDS data sets, Drosophyllaceae appeared as sister to 
the rest of the taxa in the carnivorous clade ( Fig. 2) . The clade 
containing Droseraceae and Nepenthaceae has a large amount 
of discordance with ~18% concordant and 32% conflicting for 
the AA data set and ~20% concordant and ~22% conflicting 
for the CDS data set. In both cases, this was a node where many 
of the gene trees contained low Shimodaira–Hasegawa-like sup-
port (<80%). When  Drosophyllum was excluded from analyses 
for both the CDS and the AA data sets, Ancistrocladaceae ap-
peared as sister to Nepenthaceae. Again, the node that defined 
this relationship had a significant amount of conflict, where in 
the AA data set ~25% of the gene trees showed a concordant topol-
ogy and ~24% showed a confl icting topology. With the CDS data 
set, ~22% of gene trees were concordant with the species topology, 
and ~24% gene trees were confl icting. Again, in both cases, many of 
the gene trees did not have strong SH-like ( ≥ 80) support for either 
topology. 
 Analysis of potential hybridization and comparison of synony-
mous substitutions rates (Ks) between woody and herbaceous 
species — No diff erences were found between the synonymous sub-
stitution rate between the gene trees supporting the sister position 
of  Drosophillum lusitanicum and  Aldrovanda robertsoniorum to 
the remaining lineages as opposed to those supporting the two spe-
cies as sister to only Nepenthaceae (Appendix S6). For  D. lusitani-
cum , the mean Ks for the trees supporting the sister to the other 
lineages position was 0.8546, whereas those supporting the position 
sister to Nepenthaceae had a mean Ks of 0.8586. In the case of 
 A. robertsoniorum , those supporting a sister to the other lineages 
relationship had a mean Ks of 0.6359, and for those supporting a 
relationship sister to only Nepenthaceae, mean Ks was 0.6358. 
 Genome duplications and gene family sizes — Th e single-species 
Ks plots showed that all the Caryophyllales have at least one peak 
around 2.0 (Appendix S7). Th ese plots also showed one additional 
peak for all taxa in noncore Caryophyllales except for  A. vesicu-
losa , which had two additional peaks, and neither  D. lusitanicum 
and  Frankenia laevis had any extra peaks. A comparison of Ks values 
between orthologs and paralogs for species pairs showed that in the 
case of Plumbaginaceae and Polygonaceae, the genome duplication 
likely occurred aft er speciation ( Fig. 3 ). Th is postspeciation genome 
duplication received further support as the two species only shared 
fi ve unique gene duplications. Th is same comparison for represen-
tative species pairs of Ancistrocladaceae-Nepenthaceae and Dro-
seraceae-Nepenthaceae showed that these genome duplications 
 FIGURE 2 The infl uence of taxon sampling and sequence type on inferred tree topology. Respective topologies are from the RAxML supermatrix analy-
sis, fi lled boxes are used to represent concordance with a diff erent method of species tree reconciliation “A” represents Astral (MQSST), and “D” repre-
sents distance matrix reconstruction. Star near the node indicates BS support of 0; all other nodes have BS support of 100. Numbers on each branch 
represent inferred gene duplications. Pie charts show gene tree confl ict evaluations at each node, proportion concordant (blue), proportion confl ict-
ing (red), dominant alternative topology (yellow) and unsupported with SH-like less than 80 (gray). 
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likely occurred aft er the divergence of the respective families in 
each pair ( Fig. 3 ). An among-Droseraceae comparison showed the 
duplication to have occurred aft er speciation in  Dionaea but before 
speciation in  Drosera (Appendix S8). Th e peak for the duplication 
appeared to be before speciation in a comparison of  Drosera and 
 Aldrovanda (Appendix S8). Overall, the shared unique gene dupli-
cations and Ks plots support the inference of seven separate genome 
duplications across the noncore Caryophyllales, with six occurring 
aft er divergence of the families and none being uniquely shared by 
any two families in the group ( Fig. 3 ). 
 An analysis of the size of homologous gene families on the AA 
ALLTAX data set showed that the largest gene family consisted of 
3498 homologs (Appendix S9), and this family was associated with 
the function putative leucine-rich repeat receptor-like protein ki-
nase. When further broken down into genes that are associated 
with carnivory, we found that the largest of these gene families was 
the plant peroxidase family (Appendix S10). 
 Contamination checking and homology and orthology infer-
ence — Th ree major steps were taken to ensure that we would 
minimize the possibility of contamination in our samples. Th e 
fi rst step was to extract the RNAs, prepare the sequencing librar-
ies, and sequence the samples on separate lanes at diff erent times. 
All samples in this study were processed this way other than 
 Nepenthes alata ,  Drosera binata , and the previously published 
 D. lusitanicum , which were sequenced together on a single lane. 
Th e next step was to create one-to-one ortholog phylogenetic 
trees out of the samples that were on the same lane, which showed 
most gene trees support previously accepted hypotheses for the 
oft en distantly related species on the lane. Th e fi nal step was to 
ensure that the  matK sequence from each of our assembled tran-
scriptome shared the closest evolutionary relationship with a 
 matK sequence taken from the same genus for each sample (Ap-
pendices S2, S11). 
 Th e data sets comprised the following taxon compositions for 
both amino acid (AA) and coding DNA sequence (CDS): all 13 taxa 
included (ALLTAX), all taxa except  D. lusitanicum (NO DROS), 
and all taxa except  A. robertsoniorum (NO ANC). Th e two data sets 
with all 13 taxa revealed that the inferred number of homolog clus-
ters containing at least four taxa was the greatest using nucleotide 
data (Appendix S12), in contrast with both data sets that consisted 
of 12 taxa, in which the amino acid data sets inferred more homolog 
clusters than the nucleotide data sets did. Th e complete taxa one-to-
one orthology inference was comparable between all data sets of 
diff erent taxa composition, where each time the amino acid data set 
detected roughly 400 more one-to-one orthologs than its corre-
sponding nucleotide data set (Appendix S12). 
 DISCUSSION 
 Discordance among species trees and gene trees — Our transcrip-
tome data confi rmed the monophyly of the carnivorous clade of 
Caryophyllales detected in previous studies ( Meimberg et al., 2000 ; 
 FIGURE 3 Representative Ks plots. Density plots representing the peak of the Ks values inferred from reciprocal orthologs (blue) and those inferred 
from the within species paralogs (red and orange), with the density calculated for Ks values ( ≥ 0.25). 
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 Brockington et al., 2009 ) and implicated an ancient origin for the 
group, which our analyses suggest originated between 68–83 Ma 
( Fig. 1 ). Our analyses further confi rmed that carnivory was the 
likely ancestral character state for the carnivorous clade and that a 
mucilage trap characterized the progenitor of this clade ( Heubl 
et al., 2006 ). Nevertheless, the subsequent evolution of life history 
within the carnivorous clade is less certain because it depends upon 
the topology of the earliest branches within the group, which have been 
unstable in previous analyses ( Meimberg et al., 2000 ;  Brockington 
et al., 2009 ;  Hernández-Ledesma et al., 2015 ). 
 Th e large data sets generated in our study provide unique in-
sight into the sources of this topological instability ( Galtier and 
Daubin, 2008 ). For example, the shift ing phylogenetic placement 
of  D. lusitanicum could result from events such as horizontal gene 
transfer, incomplete lineage sorting, and/or ancient hybridization 
between an ancestral lineage that diverged before the other car-
nivorous Caryophyllales and one that diverged aft er the speciation 
event between Ancistrocladaceae and Nepenthaceae. Th e Nepen-
thaceae provides a logical source of hybridization as many of the 
species in genus are still capable of producing viable hybrids and 
do so in the wild ( McPherson, 2009 ). If hybridization were the 
cause, we would expect two points of coalescence between  D. 
lusitanicum and  N. alata that would be associated with diff erent syn-
onymous substitution (Ks) values because they would be infl uenced 
by the amount of time there was shared common ancestry with  N. 
alata . An examination of Ks values did not reveal a diff erence in 
Ks values between the gene trees supporting the sister to all other 
lineages position or the sister to only Nepenthaceae position from 
the nucleotide data for either  D. lusitanicum or  A. robertsoniorum 
(Appendix S6). Th is result provides some evidence that something 
other than hybridization may be the cause. However, full genome 
sequences would be necessary to improve confi dence in our ability 
to discriminate among these processes because they would allow 
for direct association of phylogenetic signal over contiguous re-
gions of chromosomal space ( Fontaine et al., 2015 ). However, we 
did fi nd that Ks values varied greatly between the  D. lusitanicum 
and  A. robertsoniorum comparisons, which may result from diff er-
ences in habit, with the lineage of  Ancistrocladus + Dioncophyllaceae 
transitioning to lianas and  Drosophyllum retaining the ancestral 
herbaceous life history ( Smith and Donoghue, 2008 ;  Yang et al., 
2015 ). 
 Th e remaining families of noncore Caryophyllales (Polygona-
ceae, Plumbaginaceae, Tamaricaceae, and Frankeniaceae) have 
previously been inferred to be a clade ( Meimberg et al., 2000 ; 
 Brockington et al., 2009 ;  Soltis et al., 2011 ;  Hernández-Ledesma et al., 
2015 ;  Yang et al., 2015 ), but our transcriptome-based analyses 
suggest that the clade of Frankeniaceae and Tamaricaceae and that 
of Plumbaginaceae and Polygonaceae are successively sister to the 
carnivorous clade. It is possible that this confl ict is the result of our 
study including more informative phylogenetics characters in the 
analysis. However, it may also be the result of our relatively limited 
taxon sampling for these families and/or from the large number of 
confl icting gene trees associated with divergence events among 
these three groups ( Fig. 1 ). Th e large number of confl icting gene 
trees may, itself, be the result of incomplete lineage sorting (ILS) 
associated with the relatively rapid divergence of these groups, as 
demonstrated by the short branch lengths from the MQSST analy-
sis and concatenated supermatrix analysis (Appendices S4, S5). Th e 
93 uniquely shared gene duplications provide evidence for the sis-
ter relationship between the carnivorous clade and the clade of 
Plumbaginaceae + Polygonaceae as a clade consisting of all the 
NCNC only contains three uniquely shared gene duplications. 
However, the higher number of gene duplications shared among 
Plumbaginaceae, Polygonaceae and the carnivorous Caryophyllales 
could be the result of biased sampling that is inherent when not 
retrieving all coding genes because transcriptomes are typically 
only found to recover up to half of coding genes ( Yang and Smith, 
2013 ). Th e lack of complete gene coverage in transcriptomes pro-
vides a potentially biased sample for data when looking at uniquely 
shared gene duplications. 
 Th e disagreement between the supermatrix and MQSST meth-
ods of species tree reconciliation was likely a product of how the 
genes were treated in the analyses. In the MQSST, all genes are 
given equal weight regardless of their infl uence and strength of the 
phylogenetic signal provided by the characters that created them, 
whereas in the supermatrix approach more infl uential genes pro-
vide a stronger signal for the overall matrix. Recent work has shown 
that the topology of a phylogeny may change greatly by the infl u-
ence of just a couple genes and especially at nodes of high confl ict 
( Brown and Th omson, 2016 ;  Shen et al., 2017 ;  Walker et al., 2017 ). 
Th e confl icting node for the CDS topology, however, received no 
bootstrap support. 
 Our results help to illustrate the important role that taxon sam-
pling plays even when using character-rich data sets such as those 
used in phylogenomic reconstructions. In the analyses presented 
here,  D. lusitanicum changed positions depending on the sampling 
used ( Fig. 2 ). Th is discrepancy was not identifi ed by the nonpara-
metric bootstrap method, as 100% support was given to all nodes in 
all the reconstructions using the amino acid data sets, regardless of 
the position of  D. lusitanicum . Th is result helps to emphasize the 
importance of looking at more than just the nonparametric boot-
strap in phylogenomic reconstructions, as in our data sets it is 
prone to type I error and using transcriptome data allows us to ex-
amine confl icting signals. Th e nonparametric bootstrap, however, 
provided no support for the confl icting signal produced from nu-
cleotide data. While we were unable to include Dioncophyllaceae in 
our analyses because of the diffi  culty in obtaining tissue, it is un-
likely that inclusion would dramatically change carnivorous rela-
tionships given the strong support for its sister relationship to 
Ancistrocladaceae in all previous analyses ( Heubl et al., 2006 ; 
 Brockington et al., 2009 ). 
 At least seven independent paleopolyploidy events in a group of 
less than 2500 species — Over the past decade, ever-larger phy-
logenomic data sets and improved methods for detecting genome 
duplications have revealed that paleopolyploidy is much more 
common in plants than previously thought ( Barker et al., 2008 , 
 2016 ;  Yang et al., 2015 ). Previous evidence has suggested that the 
noncore Caryophyllales contain at least three paleopolyploidy 
events ( Yang et al., 2015 ). Genome duplications have previously 
been implicated to be a source of novelty ( Freeling and Th omas, 
2006 ;  Edger et al., 2015 ), increased diversifi cation ( Tank et al., 
2015 ), and decreased diversifi cation ( Mayrose et al., 2011 ). Th e 
seven inferred genome duplications of our analysis indicate that 
genome duplication has been a common occurrence in the history 
of the noncore Caryophyllales and is especially prevalent consid-
ering the group is estimated to have fewer than 2500 species ( Soltis 
et al., 2006 ). Our results also support a shared genome duplication 
between the core and noncore Caryophyllales, giving support to 
the evidence that at least one duplication is shared by the entire 
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clade ( Dohm et al., 2012 ). From our data set, it appears most of 
the noncore Caryophyllales families have unique genome duplica-
tion events. We found a discrepancy in the location of the duplica-
tion when comparing  Drosera with  Dionaea and when comparing 
 Drosera with  Aldrovanda , which may be due to the duplication 
occurring shortly before speciation or to the diff erence in rates of 
evolution found between  Aldrovanda and  Dionaea (Appendix S4). 
Without exhaustive sampling of each family, it will not be possible 
to pinpoint the phylogenetic locations of the putative duplication 
events; hence, it is not currently possible to determine whether a 
given paleopolyploid event acted to drive speciation and/or pro-
mote ecophysiological and morphological novelty. Nevertheless, 
the rich diversity and large number of genome duplications pres-
ent within the noncore Caryophyllales suggests that this group 
will be a powerful tool for understanding genome and phenome 
evolution. 
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